S
everal studies have shown that the human immunodeficiency virus type 1 (HIV-1) has evolved the capacity to evade both innate and adaptive immunity and that one of the key viral factors involved in these processes is the Nef protein. Nef is a membraneassociated protein abundantly expressed early in infection and essential for efficient viral replication in vivo and disease progression (19, 34, 35) . By means of a remarkable number of activities, including alteration of signal transduction pathways and downregulation of cell surface CD4, human leukocyte antigen class I (HLA-I), CD28, and CXCR4, Nef protects infected cells against the immune system and facilitates viral spread at different levels (3, 36) . First of all, by triggering accelerated endocytosis and intracellular retention of HLA-I molecules, Nef reduces their expression on the surface of infected cells and prevents recognition and killing by HIV-specific CD8 ϩ T cells (18) . Importantly, Nef downregulates HLA-A and -B but spares HLA-C and -E, which can be recognized by specific inhibitory receptors of natural killer (NK) cells (17) . NK cells are regulated by a balance between signals delivered by activating and inhibitory receptors, with the inhibitory signals received from autologous HLA-I molecules usually being predominant to maintain NK cells in a resting state (37) . Therefore, the selective activity of Nef on cell surface HLA-I expression simultaneously shields HIV-infected cells from the immune response of both T and NK cells, at least of those NK cells expressing inhibitory receptors specific for HLA-C or -E. Moreover, Nef has the capacity to inhibit the cell surface expression of activating molecules that can trigger the cytotoxic function of NK cells (12, 26) . In fact, infection with HIV-1 can induce the expression of ligands for NKG2D (12, 27, 62) , an activating receptor present on the surface of all NK and CD8 ϩ T cells (49) . In humans, NKG2D ligands include major histocompatibility complex I-related chains A and B (MICA and MICB) and several UL16 binding proteins (ULBP1 to ULBP6) that have a highly restricted expression in normal tissues but can be induced by cellular stress such as viral infection, tumor transformation, heat shock, and DNA damage (13) . We showed that Nef is able to downregulate some NKG2D ligands, specifically, MICA, ULBP1, and ULBP2, through an as yet unidentified mechanism (12) . Accordingly, Nef expression alone protected T cells from lysis by NK cells (12) . In addition, it has been shown that Nef inhibits the expression of the ligand for the NKp44-activating receptor and lowers the susceptibility of HIV-infected cells to NK cell-mediated killing (26) . The capacity of Nef to interfere with the expression of various ligands for activating NK receptors may thus play an important role in HIV-1 evasion of NK-cell mediated immunosurveillance. An additional strategy to avoid the immune response of NK cells is exerted by the late viral protein Vpu that avoids NK cell degranulation by downregulating NTB-A on the surface of infected cells (54) .
Another activating receptor triggering NK cell functions is DNAM-1 (DNAX accessory molecule-1 or CD226), an adhesion molecule expressed by several cell types, including NK and CD8 ϩ T cells (55) . DNAM-1 recognizes two immunoglobulin-like molecules, PVR (poliovirus receptor, CD155, or nectin-like molecule 5) and nectin-2 (CD112), belonging to the family of nectins and nectin-like proteins that regulate cell adhesion, movement, and proliferation, as well as virus entry and immune recognition (60) . Upon engagement by its ligands, DNAM-1 can enhance cytokine production and cytotoxicity by NK and T cells toward various tumors (55, 59) . The importance of DNAM-1 is also underlined by the fact that some herpesviruses such as human cytomegalovirus (HCMV) have evolved a potent immune evasion strategy which implies the capacity to inhibit the cell surface expression of both DNAM-1 ligands, thus affecting the cytotoxic responses of NK cells (39, 48, 61) .
In view of its important role as an immune-activating molecule, we sought to investigate PVR expression in the context of HIV-1 infection. Our interest particularly focused on the role of Nef, considering its established features of regulator of protein trafficking, immunoevasin, and pathogenicity factor.
MATERIALS AND METHODS

Cells and antibodies.
293T and Jurkat E6-1 cells were maintained in Dulbecco's modified Eagle's medium (Gibco-BRL) and RPMI 1640 medium (Euroclone), respectively, both supplemented with 10% fetal bovine serum (Euroclone), 2 mM L-glutamine (Gibco-BRL), and 100 units/ml penicillin-streptomycin (Euroclone). Primary CD4 ϩ T cells were isolated and cultured as described previously (12) . Peripheral blood mononuclear cells (PBMCs) were obtained from a donor bank.
Transfection of 293T cells was performed by a standard calcium-phosphate method.
For flow cytometric analysis, the following antibodies were used: mouse monoclonal antibody (MAb) anti-PVR (SKII.4, IgG1), anti-HLA-I (W6/32, IgG2a), fluorescein isothiocyanate (FITC)-conjugated anti-p24 (KC57; Beckman Coulter), phycoerythrin (PE)-conjugated anti-HLA-I (BD Biosciences) and anti-CD4 (Dako), and isotype control IgG1 and IgG2a (BD Biosciences). As secondary antibodies, goat anti-mouse IgG (GAM) conjugated to PE (Jackson ImmunoResearch) and Alexa 647 (Invitrogen) were used. The MAbs anti-DNAM-1 (DX11; AbD Serotec) and anti-NKG2D (149810; R&D Systems) or the isotype control IgG1 were used in cytotoxicity assays. For Western blotting, we used antibodies against Nef (sheep serum ARP444), green fluorescent protein (GFP)/yellow fluorescent protein (YFP) (MAb; Clontech), and actin (MAb; Sigma).
DNA constructs. Proviral HIV-1 constructs (L 37 Q, P 72 A/P 75 A, P 78 L, LL 165 AA, DD 175 AA, F 191 A) were generated in the pNLblue Nco nef Not vector (24) . Specific mutations (listed in Table 1 ) were introduced into the nef gene by standard site-directed mutagenesis based on recombinant overlapping PCR. The mutated NL4-3 nef gene was amplified by PCR with specific primers introducing NcoI and NotI sites at the 5= and 3= ends, respectively, and cloned in the NcoI/NotI sites, replacing the wild-type (wt) nef gene. A previously described nef gene (RP4-9) derived from a rapid progressor patient (9) was subcloned into pNLblue to generate wt-RP4Nef. The NL4-3 nef (either wt or G 2 A) was amplified by PCR with specific primers eliminating the stop codon and cloned in the HindIII/EcoRI sites in the pDsRed1-N1 vector (Clontech) to generate C-terminally DsRed-tagged Nef proteins. DNA constructs were confirmed by sequencing on both strands.
The constructs obtained from other laboratories are listed in Acknowledgments.
Viral stocks. Stocks of NL4-3 virus (NIH Reagent Program), either wt virus, virus unable to express Nef (⌬Nef) (16) , or virus presenting specific mutations, were prepared by transfecting 20 g of proviral plasmid and 3.5 g of pCMV-VSV-G into 293T cells using the standard calcium phosphate method. At 48 h posttransfection, cell culture supernatants were collected, clarified by centrifugation, and stored at Ϫ80°C. Viral stocks were titrated by anti-p24 enzyme-linked immunosorbent assay (Innogenetics) according to the manufacturer's instructions.
HIV-1 infection. For HIV-1 infection, Jurkat cells were resuspended at 2 ϫ 10 6 cells/ml in medium with 8 g Polybrene/ml, either alone or together with 50 ng of p24/10 6 cells, and centrifuged at 2,500 rpm for 90 min at 30°C. To obtain more than 90% infected cells at day 3 postinfection (p.i.) for use as targets in cytotoxicity assays, Jurkat cells were infected as described above, but 200 ng of p24/10 6 cells was used. Subsequently, cells were washed and resuspended in medium at 7 ϫ 10 5 /ml. To infect primary CD4 ϩ T lymphocytes, cells were exposed to 50 ng of p24/10 6 cells for 4 h at 37°C. Cells were washed twice and resuspended at 1.5 ϫ 10 6 /ml in medium supplemented with 100 IU human recombinant interleukin-2 (IL-2; Sigma-Aldrich)/ml. At 5 days p.i., cells were stimulated by adding 100 ng/ml Staphylococcus aureus enterotoxin B (SEB; Sigma-Aldrich) and irradiated allogeneic PBMCs at a 1:1 cell ratio.
Flow cytometry. The following procedures were performed at 4°C in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin and 0.1% sodium azide, unless otherwise specified. HIV-1-infected or uninfected cells (2 ϫ 10 5 Jurkat or 5 ϫ 10 5 CD4 ϩ T cells) were incubated with anti-PVR, anti-HLA-I MAb, or isotype control IgG. After washing, cells were incubated with Alexa 647-conjugated GAM (PE-conjugated GAM was used [see For intracellular staining of total PVR or HLA-I, cells were collected, washed, and permeabilized, prior to being submitted to the double-labeling procedure (described above) at room temperature.
Western blot analysis. Total lysates of 293T cells were separated by 12% SDS-PAGE and analyzed by immunoblotting with appropriate antibodies and the Pierce ECL substrate (Thermo Scientific) as previously described (9) .
Cytotoxicity assay. Flow cytometry-based cytotoxicity assays were performed as described previously (38) 
RESULTS
HIV-1 downregulates PVR in a Nef-dependent manner.
To investigate whether HIV-1 and, in particular, the Nef protein had the capacity to affect cell surface PVR levels, we infected the T lymphoblastoma Jurkat cell line that constitutively expresses PVR but not nectin-2 (59) with the wt and Nef-deficient (⌬Nef) NL4-3 viral strain. Both wt and ⌬Nef viruses were pseudotyped with the vesicular stomatitis virus glycoprotein (VSV-G) to allow entry into target cells by endocytosis and obviate Nef for optimal viral infectivity (15) . At 3 days p.i., cells were monitored for the intracellular accumulation of the viral p24 Gag capsid antigen and the cell surface expression of PVR or HLA-I, a well-known Nef target. Figure 1A and B show that, similar to the HLA-I levels, the expression of cell surface PVR was dramatically decreased (by ϳ50%) in p24-positive (p24 ϩ ) cells infected with wt virus compared to noninfected (n.i.) cells. Moreover, like HLA-I, PVR was not reduced in ⌬Nef virus-infected cells. These findings demonstrate that HIV-1 downregulates PVR in infected Jurkat cells and that this viral function is Nef dependent.
To test whether or not this novel activity of Nef was a peculiar feature of the laboratory-grown NL4-3 strain, we used an NL4-3 virus in which the resident nef gene was replaced either by that of the SF2 strain (wt-SF2Nef), which more closely resembles primary variants, or by that derived from an HIV-infected patient (wtRP4Nef). Both viruses encode fully functional Nef proteins, as shown in previous studies (9, 12, 24) . The cell surface PVR levels were strongly decreased by the two recombinant viruses (Fig. 1C) , indicating that the capacity to downregulate PVR is not restricted to a single viral strain but is instead a conserved function of the HIV-1 Nef protein. This Nef activity, however, was not maintained in HIV-2, a lentivirus that is related to HIV-1 but that possesses a lower pathogenic potential. In fact, expression of the HIV-2 nef gene in the NL4-3 viral background completely abrogated the downmodulation of PVR in infected cells (Fig. 1D) .
Infection with HIV-1 modulates the expression of PVR in primary CD4
؉ T cells. PVR is present on tumors of different origins (epithelial, neurologic, and hematopoietic) and also on various cell types under physiologic conditions (33, 46, 50) . In primary CD4
ϩ T lymphocytes, PVR expression is normally lacking but can be induced upon stimulation with mitogens (2, 11) . To explore the capacity of HIV-1 to affect PVR expression in CD4 ϩ T lymphocytes, freshly purified CD4 ϩ T cells were infected with wt or ⌬Nef VSV-G-pseudotyped viruses or not infected and then cultivated in the absence of mitogenic stimuli for 5 days. During this time, although viral replication cannot occur due to the quiescent cell status, the Nef protein accumulates within wt-infected cells and exerts its proviral function by sensitizing these cells to activation, as shown elsewhere (42, 63) . Next, cells were activated by stimulation with the SEB superantigen, with the exception of one aliquot of n.i. cells (not activated [n.a.]), and analyzed at various times for the expression of intracellular p24 and cell surface PVR ( Fig. 2A and data not shown) . Infected p24 ϩ cells became detectable 3 days after stimulation, and, concomitantly, PVR was induced by cellular activation in n.i. cells compared to n.a. cells. Of note, compared to n.i. cells, surface PVR levels were increased in wt-infected cells and to a greater extent in cells infected with ⌬Nef virus ( Fig. 2A and B) . Thus, primary CD4 ϩ T cells responded to ϩ wt-and ⌬Nef isolate-infected cells was determined as described for panel A in eight independent experiments. ***, P Ͻ 0.001. (C and D) Jurkat cells were infected for 3 days and analyzed as described for panel A. Data from one representative experiment out of three are shown. (C) An NL4-3 virus expressing the Nef protein of the SF2 strain (wt-SF2Nef) or derived from an HIV-infected patient (wt-RP4Nef) was used. (D) Cells were infected with NL4-3-based viruses in which the nef coding sequence was either conserved (wt), disrupted (⌬Nef), or replaced with HIV-2 nef (wt-HIV2Nef), followed by an internal ribosomal entry site (IRES) and the gene encoding the enhanced GFP (NL4-3 nef-IRES-eGFP viruses). The mean fluorescence intensity of PVR on GFP-negative and GFP ϩ cells is reported.
HIV-1 infection by increasing surface PVR expression, but this response was countered by Nef. Common features in the downregulation of PVR and HLA-I molecules by Nef. We further investigated the effect of Nef on PVR expression using the HIV-infected Jurkat cell system. We have not been able to detect PVR by Western blot analysis using commercially available antibodies (data not shown). Therefore, to evaluate the total PVR amounts, n.i., wt-infected, and ⌬Nef virusinfected cells were permeabilized, stained with antibodies either against PVR or against HLA-I as a control, together with anti-p24 antibody, and then analyzed by FACS. Infection with ⌬Nef virus but not wt virus resulted in increased total PVR levels (Fig. 3A) . In line with the Nef capacity to degrade HLA-I (52), the overall HLA-I amounts were found to be reduced and increased, respectively, in wt-and ⌬Nef virus-infected cells compared to n.i. cells (Fig. 3A) . Analogous results were obtained with immunofluorescence microscopy (data not shown). These data suggest that, similarly to its effect on HLA-I, Nef lowers the intracellular accumulation of PVR that occurs during HIV-1 infection.
The reduced cell surface HLA-I levels in HIV-infected cells are due to the capacity of Nef to trigger cell surface HLA-I internalization and sorting to the trans-Golgi network (TGN) (5), as well as to divert newly synthesized HLA-I molecules to degradative compartments via an AP-1-dependent pathway (52) . However, to reduce surface CD4 molecules, Nef uses distinct components of the endocytic machinery such as the clathrin/AP-2 pathway to lysosomes (51) . Mutagenesis-based studies have established that the Nef activities of HLA-I and CD4 downregulation and the protein's capacity to interact with known cellular cofactors require specific amino acid residues and are in large part genetically separable. Therefore, to further investigate the PVR downregulation activity of Nef, we employed a panel of HIV-1 isolates expressing Nef proteins mutated at conserved residues and thus impaired with regard to specific functions, as described in previous studies (10, 24, 32, 44) (Table 1) . Results showed that Nef mutations that abolished (EEEE 65 AAAA, P 78 L) or reduced (P 72 A/P 75 A, F 191 A) HLA-I downregulation also affected to a similar extent the capacity to downmodulate PVR (Fig. 3B and Table 1 ; see Fig. S1 in the supplemental material). Conversely, those mutants that specifically inactivated the function of Nef on CD4 (L 37 Q, LL 165 AA, DD 175 AA) retained the PVR-downregulating activity. Finally, the G 2 A mutation that impairs the N-terminal myristoylation of Nef necessary for its localization on membranes and for all reported Nef activities (24) also inhibited the capacity to reduce cell surface PVR expression. Overall, these data suggest that the Nef activities of PVR and HLA-I downregulation share common molecular mechanisms that are distinct from those employed to target CD4.
Nef is assisted by the Vpu late viral factor in the downregulation of PVR. Having observed the Nef-induced downregulation of PVR in the context of HIV-infected cells, we wondered whether the Nef protein mediated this activity by itself or other viral functions were involved. To address this point, we generated a C-terminally DsRed-tagged version of NL4-3 Nef, either wt or with the G 2 A mutation, and expressed these proteins or DsRed alone in 293T cells by transient transfection (Fig. 4A and B) . By FACS analysis, Nef-DsRed-positive (Nef-DsRed ϩ ) cells but not G 2 ADsRed ϩ or DsRed ϩ cells displayed on their surface about 20% less PVR than untransfected cells, demonstrating that expression of the Nef protein alone can downregulate PVR, although less efficiently than in cells undergoing productive HIV-1 infection (Fig.  1A) . The expression of Nef alone in Jurkat cells produced the same results as those found in 293T cells (data not shown). Hence, it is ϩ T lymphocytes isolated from a healthy donor were not infected (n.i.) or infected with HIV-1 wt or ⌬Nef and then stimulated with SEB 5 days later. As control, an aliquot of n.i. cells was left unstimulated (n.a.). After 3 days, cell surface PVR and intracellular p24 were analyzed as described in the legend to possible that other viral factors assist Nef to reduce cell surface PVR levels efficiently. To test this hypothesis, we examined whether the HIV-1 accessory protein Vpu, which can downregulate various cell surface proteins (i.e., CD4, tetherin, CD1d, and NTB-A [21, 41, 54] ), could be a partner to Nef in targeting PVR. We thus tested the levels of surface PVR in Jurkat cells infected with HIV-1 defective for the expression of Vpu alone (⌬Vpu) or of both Vpu and Nef (⌬Vpu ⌬Nef) together with wt and ⌬Nef viruses ( Fig. 4C and D) . Results showed that in ⌬Vpu virus-infected cells, the surface expression of PVR was reduced, although to a lesser extent than in wt-infected cells, indicating that Vpu contributes to the viral capacity to downregulate PVR. This Vpu activity possibly requires the presence of Nef, since PVR expression in ⌬Nef virus-infected cells was indistinguishable from that of cells not infected or infected with ⌬Vpu ⌬Nef virus. As expected, the capacity of HIV-1 to downregulate CD4 was reduced in the absence of Nef and/or Vpu. The residual CD4 downregulation was likely mediated by the viral Env protein (57) . Moreover, by measuring PVR levels in permeabilized infected cells, we found that ⌬Vpu virus maintained the capacity of wt virus to inhibit the intracellular accumulation of PVR (data not shown), a function that was Nef dependent (Fig. 3A) . Apparently, in the context of HIV-infected cells, Nef functions in concert with Vpu to downregulate surface PVR but acts in a Vpu-independent manner to restrain intracellular PVR accumulation.
To confirm and further investigate the role of Vpu in PVR downregulation, we expressed in 293T cells a C-terminally YFPtagged Vpu protein, either wt or with previously described mutations that disrupted the capacity to counteract tetherin (randomized transmembrane region; URD mutant) or to degrade both tetherin and CD4 (alanine substitution of S 52 and S 56 ; UM2/6 mutant) (4) . Figure 4E and F show that expression of Vpu-YFP alone induced a strong downmodulation of PVR and that this activity was lost or partially reduced by the mutated Vpu variants URD-YFP and UM2/6-YFP, respectively. Similar results were obtained in transfected Jurkat cells (data not shown). Unlike in the HIV-infected Jurkat cell system, in transfected 293T cells Vpu was not able to enhance the activity of Nef on PVR, since PVR downmodulation in cells coexpressing Vpu-YFP and Nef-DsRed corresponded approximately to the combined effects measured in singly positive Vpu-YFP-positive (Vpu-YFP ϩ ) and Nef-DsRed ϩ cells (Fig. 4G ). This could be due to the fact that a cotransfected cell system misrepresents the events occurring in HIV-infected cells in terms of the kinetics of Nef and Vpu expression and the stoichiometric ratio between the two proteins. Moreover, the existence of additional viral factors participating in Nef-induced downmodulation of PVR cannot be excluded. Nevertheless, results obtained in 293T cells clearly demonstrate that Vpu has the capacity to affect the cell surface expression of PVR.
NK-cell mediated lysis of HIV-infected cells is reduced by Nef and involves DNAM-1-PVR interaction.
The interaction of PVR with the activating receptor DNAM-1 results in NK cell triggering and cytotoxicity (7) . Therefore, by interfering with PVR expression, Nef might help HIV-1 to evade NK cell-mediated immune responses. To investigate this issue, we evaluated the DNAM-1-mediated killing of Jurkat cells not infected or infected with wt or ⌬Nef virus using purified IL-2-activated NK cells as effectors. Since we previously showed that HIV-1 infection of Jurkat cells modulates the expression of ligands for the activating receptor NKG2D (12), NK cell-mediated lysis was tested in the absence or in the presence of blocking MAbs specific for DNAM-1 and NKG2D receptors, either alone or in combination. First, we found that Jurkat cells infected with HIV-1 lacking Nef expression were more susceptible to NK cell-mediated lysis, since killing of cells infected with ⌬Nef virus (or not infected) was higher than that of wt-infected cells (Fig. 5A) . Second, we also observed that lysis of cells infected with ⌬Nef virus but not with wt virus was reduced by MAb-mediated blocking of DNAM-1, indicating that protection of HIV-infected cells by Nef results in part from the evasion of DNAM-1-mediated responses (Fig. 5B) . Blocking of NKG2D alone resulted, however, in a stronger inhibition of NK cell-mediated lysis of the three cell targets, in line with the capacity of NKG2D to deliver a potent activating signal upon binding of its ligands, even when these are partially downmodulated, as occurs in cells infected with wt virus (12) . Importantly, when anti-DNAM-1 MAb was used in combination with anti-NKG2D MAb, the simultaneous blocking of both receptors impaired NK cellmediated lysis to a greater extent than anti-NKG2D blocking alone and virtually abrogated killing of wt-infected cells. These results indicate that the susceptibility to NK cell-mediated lysis of cells infected with HIV-1 is critically controlled by both the NKG2D and DNAM-1 pathways.
DISCUSSION
In the present study, we show for the first time that surface expression of PVR in CD4 ϩ T cells undergoing HIV-1 infection is reduced by the viral Nef protein, assisted to a certain extent by another viral factor, Vpu. In the context of infected Jurkat T cells that constitutively express PVR, Nef downregulated surface PVR levels dramatically, and this activity was conserved by Nef proteins from two laboratory strains of HIV-1 (NL4-3, SF2) or from a virus derived from an HIV-infected patient. This function of Nef was also detected in primary CD4 ϩ T lymphocytes infected in vitro with HIV-1 and then activated. Specifically, the cell surface expression of PVR induced by T cell activation was increased to a greater extent with Nef-deficient virus than the wild type. This phenomenon resembles the upregulation of PVR observed in fibroblasts infected with UL141-deficient strains of HCMV (61), suggesting that impairment of PVR expression may be a common beneficial strategy evolved by viruses to avoid DNAM-1-mediated immune recognition. The UL141 protein of HCMV not only induces the intracellular sequestration of PVR but also promotes, in association with an additional unknown viral factor(s), the proteasomal degradation of another DNAM-1 ligand, nectin-2 (48). In the context of HIV-infected T cells, nectin-2 seems to be irrelevant since it is not expressed on the membrane of T cell lines (59) or primary CD4 ϩ T lymphocytes (2). The results of our study show that Nef uses the same motifs to reduce both PVR and HLA-I molecules, implying the existence of a common downregulation mechanism. Two different models have been proposed to explain Nef-mediated HLA-I downmodulation (20) . The first model, the signaling model, implies the se- quential association of Nef with signaling factors, such as the PI3K kinase, leading to clathrin-independent HLA-I internalization and intracellular retention. The second model, the stoichiometric model, presumes that Nef stabilizes the association of the AP-1 clathrin adaptor protein complex with a tyrosine-based sorting signal, 320 YSQA, in the cytoplasmic tail of nascent HLA-A and HLA-B molecules that are then redirected to degradative compartments in a PI3K-independent manner. Interestingly, PVR was shown to be internalized from the cell surface and degraded through a clathrin-dependent pathway (30) . Moreover, the cytoplasmic tail of PVR contains a sequence, 398 YSAV, that matches the tyrosine-based YXX⌽ sorting motif recognized by AP complexes (6) . It will be interesting to determine whether the 398 YSAV sequence of PVR indeed functions as a sorting signal and whether it is required for Nef-mediated downregulation, as for the 320 YSQA motif in HLA-A/B molecules (17) .
While Nef expression alone suffices to reduce the levels of intracellular and cell surface HLA-I, Nef acts individually to diminish intracellular PVR but requires the presence of Vpu for optimal downregulation of cell surface PVR. Vpu is an integral membrane protein expressed during the late stage of the HIV-1 life cycle and shares with Nef the capacity to downregulate CD4 (21) . Specifically, Vpu mediates polyubiquitination and proteasomal degradation of newly synthesized CD4 molecules in the endoplasmic reticulum. In addition, in the TGN, Vpu sequesters tetherin, a cellular restriction factor for HIV-1, and targets this protein for ubiquitination, followed by proteosomal and/or lysosomal degradation. Whether these pathways mediate the contribution of Vpu to Nef-induced PVR downregulation will have to be determined. Using specific Vpu mutants, we found that, although the transmembrane region of Vpu is important for targeting both PVR and tetherin, downmodulation of PVR by Vpu differs from the protein activities on tetherin and CD4 degradation, in that the S 52 and S 56 residues are largely dispensable. Interestingly, screening of a large number of primate and human lentiviruses revealed that, during the cross-species viral transmission, the nef and vpu genes have evolved by reciprocally shaping their functions (53) . In line with the existence of an evolutionary link between Nef and Vpu functions, we found that HIV-2 lacking a vpu gene expresses a Nef protein that is inactive on PVR. This observation suggests that the evolutionary pressure on HIV-1 to maintain the PVR-downmodulating activity did not act on HIV-2, adding to the number of differences already noted between the two viruses.
The ability of Nef to downregulate PVR discussed here may, in combination with the protein's capacity to downregulate NKG2D ligands, provide HIV-1 with an additional means to counter the antiviral function of NK cells. Indeed, we show that infected Jurkat cells are more resistant to NK cell lysis than uninfected cells or cells infected with a Nef-deficient virus. Using anti-DNAM-1 blocking MAb, we observed that Nef, in line with its capacity to downmodulate PVR, protects HIV-infected cells from NK cell-mediated killing at least in part by preventing DNAM-1-mediated responses. By blocking NKG2D, we found that this receptor has a stronger impact than DNAM-1 on NK cell-mediated killing of HIV-infected T cells with or without Nef expression. This accords with various studies showing that NKG2D exerts a stronger effect than DNAM-1 in the context of NK cell-mediated killing of various tumors expressing ligands for both receptors (8, 14, 22, 47) . However, we found that the simultaneous blocking of both NKG2D and DNAM-1 resulted in a stronger reduction of NK cell-mediated lysis of HIV-infected cells than individual NKG2D blocking, clearly indicating that both pathways are involved. Notably, when the NKG2D pathway was inhibited, additional blocking of DNAM-1 strongly impaired, if not completely abrogated, the capacity of NK cells to kill Jurkat cells infected with wt HIV-1. Therefore, given that NKG2D is downmodulated on NK cells of HIV-infected patients (28, 43) , Nef-mediated targeting of the PVR/DNAM-1 pathway might have important functional consequences in vivo. Conflicting results as to the expression of DNAM-1 on the surface of NK cells have been reported; it was found to be either not affected (40) or increased (64) in HIVinfected individuals. Further work is clearly needed to establish whether and how Nef expression allows HIV-1 evasion of NK cell responses mediated by NKG2D and DNAM-1 in infected patients. An additional aspect to be explored concerns the potential impact of Nef-induced PVR downregulation on the antiviral immune responses mediated by two other receptors engaged by PVR, tactile (CD96) (29) and TIGIT (56) , both expressed by NK as well as T cells.
Notably, Nef displays another activity that allows avoidance of NK cell-mediated lysis and consists of downregulating the ligand for the natural cytotoxicity receptor NKp44 (26) . Moreover, a recent study showed that Vpu downregulates the signaling molecule NTB-A, thus leading to reduced NTB-A engagement on the surface of NK cells and decreased NK cell degranulation and cytotoxicity against HIV-infected cells (54) . On the basis of the data shown in the present study, the capacity of Vpu to protect infected cells from attack by NK cells could also result from the cooperative function of Vpu in Nef-mediated PVR downregulation. Overall, there is increasing evidence to suggest that HIV-1 has evolved a complex strategy to evade NK cell responses. Such a multifaceted effort to avoid triggering NK cell activity, together with the various alterations of NK cell phenotype and function observed in viremic HIV-infected patients (1, 25) , suggests that NK cells play an important role in the control of HIV-1 infection. Hence, understanding the mechanisms evolved by the virus to evade the immune responses of NK cells may lead to new strategies aimed at harnessing the capacity of these cells to mediate anti-HIV activity and improving immune control in HIV-infected individuals.
Finally, we believe that the suppression of PVR surface expression by the HIV-1 Nef protein may have implications that go beyond the regulation of NK cell function. One potential consequence could be avoidance of the interaction of PVR with the DNAM-1 receptor expressed by CD8 ϩ T cells, an interaction that is important for CD8 ϩ T cell proliferation and antigen-specific responses (31) . Colonna and colleagues have recently shown that DNAM-1 is downregulated in exhausted HIV-1-specific CD8 ϩ T cells derived from chronically infected patients with high viral loads and suggested that this aberrant phenotype may result from the interaction of CD8 ϩ T cells with PVR-expressing HIV-infected T cells (11) . The induction of PVR by HIV-1 in primary CD4 ϩ T cells reported here supports this hypothesis, although in this cell system Nef constrains PVR increase. To avoid DNAM-1-mediated immune responses, it is possible that the virus, through the activity of Nef, limits the expression of PVR to levels that are still high enough to cause DNAM-1 downregulation on HIV-1-specific CD8 ϩ T cells in the late phases of chronic infection. Furthermore, since PVR, by interacting with nectin-3 and vitronectin, is critically involved in the regulation of cell-to-cell adhesion and cellular movement (60) , it is tempting to speculate that Nefinduced PVR downregulation would affect the capacity of infected CD4
ϩ T cells to interact with other cells or to migrate with positive consequences for HIV-1 replication and spread. Several reports have demonstrated a key role for Nef in the aberrant formation of immunological synapses between HIV-infected T lymphocytes and antigen-presenting cells that may favor viral replication by avoiding activation-induced cell death (23) . In addition, Nef restricts the chemotaxis and transendothelial migration of infected T cells (45, 58) , a phenomenon that should predictably prevent T cells from homing to lymph nodes and establishing effective antiviral humoral responses. Whether the PVR downregulation activity disclosed here is involved in these pathogenic functions of Nef deserves to be investigated in future studies.
